Bacillus anthracis produces an antiphagocytic gamma-linked poly-D-glutamic acid capsule that is required for virulence. Capsule depolymerase (CapD) is a membrane-associated poly-␥-glutamate-specific depolymerase encoded on the B. anthracis capsule plasmid, pX02, that is reported to contribute to virulence by anchoring the capsule to the peptidoglycan and partially degrading high-molecular-weight capsule from the bacterial surface. We previously demonstrated that treatment with CapD effectively removes the capsule from anthrax bacilli, rendering them susceptible to phagocytic killing in vitro. Here we report that CapD promoted in vivo phagocytic killing of B. anthracis bacilli by mouse peritoneal neutrophils and that parenteral administration of CapD protected mice in two models of anthrax infection. CapD conferred significant protection compared with controls when coinjected with encapsulated bacilli from fully virulent B. anthracis Ames or the nontoxigenic encapsulated strain ⌬Ames and when injected 10 min after infection with encapsulated bacilli from B. anthracis Ames. Protection was also observed when CapD was administered 30 h after infection with B. anthracis ⌬Ames spores, while significant protection could not be demonstrated following challenge with B. anthracis Ames spores. These data support the proposed role of capsule in B. anthracis virulence and suggest that strategies to target anthrax bacilli for neutrophil killing may lead to novel postexposure therapies.
Bacillus anthracis, the causative agent of anthrax, produces a plasmid-encoded antiphagocytic poly-␥-D-glutamic acid capsule that surrounds the vegetative bacillus form of the bacterium (16) . B. anthracis also produces AB-type toxins consisting of protective antigen (PA), lethal factor (LF), and edema factor (EF) that contribute to virulence. LF is a zinc-dependent metalloprotease that cleaves and inactivates components of the mitogen-activated protein kinase signal transduction pathway (11) , while EF is an adenylate cyclase that increases intracellular concentrations of cyclic AMP (25) .
Neutrophils are a primary component of the innate immune system and vital for eliminating bacterial pathogens from the blood and tissues. During phagocytosis, neutrophils release intracellular granule components into the phagolysosome that contain reactive oxygen intermediates, antibacterial enzymes, and antimicrobial peptides that contribute to rapid killing of ingested bacteria. While neutrophils are reported to have a variable role in resistance to anthrax spore infection in mice (7), mouse neutrophils have been shown to kill unencapsulated B. anthracis (42) . It has recently been demonstrated that human neutrophils kill encapsulated B. anthracis, although the killing was modest and predominantly extracellular (28) , and we have previously reported that they can reduce viability of decapsulated bacilli by up to 3 logs while having minimal activity against encapsulated bacilli (39) . The B. anthracis capsule (pX02) and toxin (pX01) plasmids encode factors that enhance survival in the host, likely in part by subverting the bactericidal activity of neutrophils. The capsule is essential for virulence (3, 10, 18, 21) , and its antiphagocytic property is a primary mechanism of immune cell evasion utilized by B. anthracis (21, 22, 26) . The anthrax lethal toxin (PA plus LF) and edema toxin (PA plus EF) are known to inhibit some neutrophil functions (1, 8, 12, 21, 34, 43) , but in contrast to a deleterious effect of lethal toxin on macrophage survival from some animals (13, 14) , neither affects human neutrophil viability (8) . Methods to counter the antihost properties of the capsule and toxins represent current areas of anthrax research and may lead to new vaccines and treatments.
Recent reports have demonstrated that anticapsule antibodies can opsonize B. anthracis (6, 37, 40) and that active and passive immunization protect mice against experimental anthrax (6, 19, 23, 24) , suggesting that the capsule is an attractive vaccine and therapeutic target. The strategy of enzymatically removing capsule from the bacterial surface as an approach to treat infections dates back to the work of Avery and Dubos in 1931 (2) . They demonstrated that injecting an enzyme capable of degrading the pneumococcal capsular polysaccharide could protect mice from pneumococcal infection, presumably by targeting the bacteria to phagocytic cells. A similar approach using enzymes to degrade capsule showed a delay in time to death of animals infected with Cryptococcus neoformans (15) , and the recent work of Mushtaq et al. demonstrated that a capsule-degrading endosialidase could be used to treat Escherichia coli infections in mice, again by targeting the organism for phagocytic killing (30, 31) . Although the advent of antibiotics curtailed this approach to therapy, the emergence of antibiotic-resistant bacterial pathogens may trigger a renewed interest in such treatments.
CapD is a member of the ␥-glutamyltranspeptidase family that autocatalytically forms a heterodimer consisting of 35-kDa (27) and was recently reported to anchor polyglutamate to the peptidoglycan layer (5) . In our previous work we demonstrated that CapD treatment of encapsulated anthrax bacilli efficiently degrades the capsule, removing it from the surface of the bacilli and thereby rendering the bacteria susceptible to phagocytic killing (39) . In this study, using two mouse models of infection we show that administration of CapD protected mice from anthrax, likely by promoting phagocytic killing of bacilli in vivo.
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MATERIALS AND METHODS
Bacterial strains and spore preparation. B. anthracis Ames (pX01 ϩ pX02 ϩ ) and ⌬Ames (pX01 Ϫ pX02 ϩ ) (United States Army Medical Research Institute of Infectious Diseases collection) were cultured in brain heart infusion (BHI) broth (Becton Dickinson and Co., Sparks, MD) at 37°C with 0.8% sodium bicarbonate and 5% carbon dioxide. B. anthracis spores were generated as previously described (6) .
Recombinant CapD. The capD gene encoding amino acids 28 to 528 was expressed in pET15b (EMD Biosciences, San Diego, CA) as previously described (39) . An additional construct of the capD gene encoding amino acids 43 to 528 was cloned into pTYB12 and expressed using the IMPACT protein purification system (New England BioLabs, Beverly, MA). For some animal experiments the gene for a B. anthracis membrane lipoprotein (BA3927) was cloned into pTYB12 and the protein was purified as for CapD. Recombinant proteins were expressed and purified according to the manufacturers' instructions and stored in phosphate-buffered saline, pH 7.4 (PBS). Endotoxin was removed from protein preparations with EndoTrap Red columns (Cambrex Corp., Walkersville, MD) or Detoxi-Gel endotoxin removal columns (Pierce Biotechnology, Inc., Rockford, IL). To evaluate the polyglutamate capsule-degrading activity of recombinant CapD proteins, purified B. anthracis capsule (500 g/ml) prepared as previously described (6) was incubated for 1 h at 37°C in Dulbecco's modified Eagle's medium containing CapD amino acids 28 to 528 (CapD 28-528; 50 g/ml) or CapD amino acids 43 to 528 (CapD 43-528; 50 g/ml), and the degraded capsule products were analyzed on a 1% agarose gel and visualized with StainsAll (Sigma, St. Louis, MO) as described previously (39) . In some experiments CapD was inactivated by incubation at 75°C for 30 min. This destroyed the enzymatic activity as assessed by degradation of capsule on agarose gels.
Human neutrophils. Human neutrophils were purified from unvaccinated volunteers by Ficoll-Hypaque density gradient centrifugation followed by dextran sedimentation and used to examine CapD-mediated neutrophil killing as previously described (39) . Briefly, purified human neutrophils were resuspended in Dulbecco's modified Eagle's medium containing 10% heat-inactivated fetal bovine serum (DF10), recombinant CapD (20 g/ml), and 10% human AB serum as a source of complement. Encapsulated bacilli were generated by germinating heat-shocked B. anthracis Ames spores in BHI with 0.8% sodium bicarbonate and 5% carbon dioxide for 90 min, washed with PBS, and added to give a neutrophil-to-bacillus ratio of 50:1 (5 ϫ 10 6 neutrophils/ml to 1 ϫ 10 5 bacilli/ml). Duplicate tubes were incubated for 2 h at 37°C on an Eppendorf tube rotator. After incubation, bacterial viability was measured by serial dilution in water and plating on Luria-Bertani agar.
Animals. Mice were obtained from the National Cancer Institute, Fort Detrick (Frederick, MD). Female BALB/c mice (6 to 8 weeks old) were used for B. anthracis ⌬Ames bacillus challenge experiments. All other experiments were performed with female Swiss Webster mice (6 to 8 weeks old). Research was conducted in compliance with the Animal Welfare Act and other federal statutes and regulations relating to animals and experiments involving animals and adheres to principles stated in the Guide for the Care and Use of Laboratory Animals (31a). The facility where this research was conducted is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International.
Bacillus challenge model. B. anthracis Ames and ⌬Ames spores were used to inoculate BHI broth containing 0.8% bicarbonate and grown at 37°C in 5% CO 2 overnight with shaking. The cultures were then diluted 1:1,000 in fresh BHI (0.8% bicarbonate) and grown for an additional 6 h (37°C in 5% CO 2 ) to approximately 1 ϫ 10 7 CFU/ml. Encapsulated bacilli were harvested by centrifugation, washed twice in PBS, and diluted in PBS. At this time, the bacilli were in chains of 5 to 10 (B. anthracis Ames) or 10 to 20 (B. anthracis ⌬Ames). Mice were challenged intraperitoneally (i.p.) with bacilli mixed with CapD (20 g/ml), PBS or heat-inactivated CapD, and normal BALB/c or Swiss Webster mouse serum (10%) in a 200-l volume 6 h after they had received an i.p. injection of 1 ml of a 2% starch solution. To examine the effect of CapD when administered after bacillus infection, Swiss Webster mice were injected with 2% starch and challenged 6 h later with encapsulated B. anthracis Ames bacilli in PBS. Ten minutes after infection, mice were injected i.p. with 300 l active or heatinactivated CapD (13.4 g/ml) containing 10% serum in PBS.
To examine the effect of CapD on bacterial viability after challenge, mice administered i.p. 1 ml of 2% starch were injected i.p. 6 h later with 1 ϫ 10 7 CFU of encapsulated B. anthracis Ames bacilli containing 50 g/ml active or heatinactivated CapD and 10% mouse serum. Two hours after injection, animals were euthanized and their peritoneal cavities were washed with 5 ml PBS. Bacterial viability in the i.p. exudate was measured by serial dilution and plating. Phagocytosis of bacilli by i.p. neutrophils was visualized by phase and fluorescence microscopy. Briefly, bacilli and phagocytes from i.p. exudates were concentrated in Eppendorf tubes. Extracellular, encapsulated bacilli were reacted with a mouse anticapsule monoclonal antibody (1:1,000) (9) followed by incubation with Alexa Fluor 594 goat anti-mouse secondary immunoglobulin G (1:5,000; Invitrogen Corp., Carlsbad, CA). Phagocytes were then permeabilized with 0.2% Triton X-100 in PBS, and intracellular bacilli were stained with fluorescein-labeled mouse anticapsule monoclonal antibody (1:1,000) (9). Intracellular and extracellular bacilli were then stained with 4Ј,6-diamidino-2-phenylindole dihydrochloride (1:5,000) (Invitrogen).
Spore challenge model. B. anthracis Ames or ⌬Ames spores were washed twice with water for injection and heat shocked at 65°C for 40 min. Swiss Webster mice were infected i.p. with 200 l of B. anthracis spore suspension. Purified CapD (2 mg/ml) in 200 l PBS was administered i.p. concurrently with spore challenge and/or i.p. and intravenously (i.v.) in 200 l PBS by tail vein 30 h after challenge. Thus, each injection (i.p. or i.v.) contained 400 g of CapD, and at 30 h mice received a total of 800 g.
Statistics. The statistical significance of differences in survival rates and mean survival time of treated compared to control mice was determined by Fisher's exact test and the Kaplan-Meier log rank test, respectively, using SAS software (SAS Institute Inc., Cary, NC). Differences in recovery of viable bacilli from mice were determined by Student's t test for unequal variances.
RESULTS
Recombinant
CapD. The open reading frame of capD excluding the signal sequence and encoding residues 28 to 528, originally cloned and expressed in pET15b with a histidine tag, resulted in low yields after purification. An additional amplicon encoding amino acids 43 to 528 was cloned into pTYB12 as a self-cleavable intein fusion protein in an attempt to increase solubility and recovery of the recombinant protein and purified using the IMPACT-CN system. The CapD 43-528 fusion protein yielded approximately 10-fold-higher expression levels of CapD than did the pET15b histidine tag fusion, presumably due to increased solubility during expression in E. coli. The two forms of CapD had similar enzyme activities when tested on purified capsule as determined by agarose gel analysis of capsule degradation following incubation with enzyme (data not shown). CapD 43-528 and CapD 28-528 were next compared for their abilities to enhance neutrophil killing of encapsulated B. anthracis Ames bacilli. Treatment of encapsulated bacilli with either CapD 28-528 or CapD 43-528 resulted in a striking enhancement of neutrophil killing with Ͼ99% loss of viability in 2 h. In two experiments there was an average of 0.45% and 0.37% survival after CapD 28-528 and CapD 43-528 treatment, respectively, compared to 100% survival for untreated bacilli (data not shown). The higher yield and similar enzyme activity of CapD 43-528 expressed in pTYB12 prompted us to use this construct rather than CapD 28-528 expressed in pET15b.
CapD treatment of mice infected with B. anthracis bacilli. To evaluate the effect of CapD treatment on infection with B.
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anthracis bacilli, we designed an experiment to expose CapDtreated bacilli to host phagocytes at the time of challenge to simulate the environment encountered by bacilli after spore germination and dissemination and to optimize the interaction with neutrophils and efficacy of treatment. BALB/c or Swiss Webster mice were administered i.p. 1 ml of a 2% starch solution which is known to stimulate the accumulation of neutrophils (42) . Six hours later the mice were challenged i.p. with B. anthracis bacilli coinjected with CapD or PBS. BALB/c mice challenged with 1,000 CFU B. anthracis ⌬Ames bacilli coinjected with CapD all survived (seven/seven), while only three of seven mice given PBS survived ( Fig. 1 , P ϭ 0.035, Fisher's exact test). Mean survival time was also significantly increased by CapD treatment (P ϭ 0.022, log rank test). No loss of bacterial viability was observed during incubation of bacilli in PBS containing 10% serum and CapD (data not shown), suggesting that bacilli treated with CapD were killed in vivo after infection.
To examine the effect of CapD treatment on a fully virulent strain, three experiments were performed. In the first experiment, seven Swiss Webster mice were challenged with 4,000 CFU of B. anthracis Ames bacilli coinjected with either active CapD or heat-inactivated CapD. All seven mice challenged with bacilli coinjected with heat-inactivated CapD succumbed within 18 h (Fig. 2A) . Of the mice given active CapD coinjected with bacilli, all seven survived for at least 28 h, three succumbed by 42 h, and two succumbed by 66 h. The survival rate was not significantly increased by CapD treatment (P Ͼ 0.1, active versus heat-inactivated CapD, Fisher's exact test). However, mean survival time was significantly greater in the active than in the heat-inactivated CapD-treated group (P ϭ 0.0003, log rank test). In the second experiment, eight mice per group were challenged with 500 CFU coinjected with active CapD or heat-inactivated CapD (Fig. 2B ). An additional control group of mice that was not administered starch before challenge was included. This group was challenged with bacilli in PBS. All eight mice in this group as well as all eight mice given starch before challenge with bacilli coinjected with heatinactivated CapD succumbed 18 to 22 h postinfection, similar anthracis Ames bacilli concurrently with 4 g active CapD (OE) or heat-inactivated CapD (f) and monitored for mortality. In the experiment shown in panel C 4 g active (OE) or heat-inactivated (f) CapD was injected 10 min after challenge with 200 CFU. In the experiment shown in panel B an additional control group not given starch was challenged with bacilli in PBS (Ⅺ). In the experiment shown in panel A the survival rate was not significantly different after CapD treatment (P Ͼ 0.1, Fisher's exact test) while mean survival time was significantly greater in the CapD treatment group (P ϭ 0.0003, log rank test). In panel B the CapD treatment resulted in a significantly increased survival rate (P ϭ 0.0005, active versus heat-inactivated CapD, Fisher's exact test) and mean survival time (P ϭ 0.0003, active versus heat-inactivated CapD, log rank test). All mice in the heat-inactivated CapD (f) and PBS (Ⅺ) groups in panel B succumbed between 18 and 22 h postinfection. In panel C CapD treatment significantly increased survival (P ϭ 0.001, active versus heatinactivated CapD, Fisher's exact test) and mean survival time (P ϭ 0.0002, active versus heat-inactivated CapD, log rank test). Administration of CapD is indicated by arrows. (Fig. 2C , P ϭ 0.001, Fisher's exact test, and P ϭ 0.0002, log rank test, respectively). These data suggest that the protective effect of CapD was due to capsule removal by the active enzyme, which facilitated host killing and clearance of bacilli from the site of infection. Starch-elicited neutrophils by themselves did not protect mice against challenge with bacilli in the absence of active CapD.
To examine the effect of CapD treatment on bacillus survival in vivo, mice were injected i.p. with 2% starch and challenged i.p. 6 h later with 1 ϫ 10 7 CFU of encapsulated bacilli containing active or heat-inactivated CapD. Two hours after challenge, mice were euthanized and the peritoneal exudates were collected and examined as described in Materials and Methods. The average percent recovery of viable bacilli in the exudate from mice injected with bacilli and heat-inactivated CapD was 84.9% Ϯ 17.4% (n ϭ 4). This is in contrast to the recovery of only 6.0% Ϯ 2.6% (n ϭ 4) in mice injected with bacilli and active CapD (P ϭ 0.0025, Student's t test for unequal variances) (data not shown). On examination of the exudates under phase and fluorescence microscopy, numerous neutrophils from the exudates of mice that received CapD could be observed with internalized bacilli and most of the bacilli were intracellular. No capsule was observed by immunofluorescence on any of the bacilli. In contrast, after treatment with heatinactivated CapD, only a rare neutrophil had ingested bacilli and most bacilli were extracellular and encapsulated (data not shown). Similar results were observed when the CapD was administered i.p. 10 min after the bacilli were injected.
CapD treatment of mice infected with B. anthracis spores. The protective effect of CapD when administered concurrently with spore challenge and postexposure was evaluated in Swiss Webster mice challenged with B. anthracis ⌬Ames spores. Mice were challenged i.p. with 1,800 B. anthracis ⌬Ames spores concurrently with 400 g of CapD or PBS and subsequently given 400 g of CapD or PBS both i.p. and i.v. at 30 h postinfection. Mice given CapD all survived (10/10) compared with 4 of 10 surviving in the PBS group (Fig. 3A , P ϭ 0.005, Fisher's exact test). Analysis of the mean survival time also showed that CapD treatment was highly effective (P ϭ 0.004, CapD versus PBS, log rank test).
To determine whether CapD could increase survival when administered postexposure but not concurrently with spore challenge, mice were administered 400 g i.p. and i.v. of either CapD or an irrelevant control protein with no capsule-degrading activity 30 h after challenge with 6,600 B. anthracis ⌬Ames spores. The control protein, a basic membrane lipoprotein, BA3927, was cloned into pTYB12 and purified by the same method as CapD was as described in Materials and Methods. All 10 mice receiving CapD survived, compared with five of nine in the group administered BA3927, resulting in a significantly enhanced survival rate and mean survival time (Fig. 3B , P ϭ 0.033, Fisher's exact test; P ϭ 0.02, log rank test, respectively), indicating that protection was CapD specific and that postexposure treatment with CapD was effective in increasing survival even when given 30 h after infection with B. anthracis ⌬Ames spores.
Two experiments were next performed with the fully virulent B. anthracis Ames strain and using the spore challenge model. In both experiments, 400 g active or heat-inactivated CapD was administered i.p. and i.v. 30 h postinfection using 10 mice per group. At 30 h after infection, several animals had already succumbed. In the first experiment, two mice in each group succumbed before treatment began, while one mouse in each group had succumbed in the second experiment. We did not observe statistically significant protection in either experiment when we examined survival rate (P Ͼ 0.5, Fisher's exact test) or mean survival time (P Ͼ 0.1, log rank test), although a higher rate of survival was observed in the CapD-treated group in both experiments (Fig. 4A and B) . 
DISCUSSION
The role of the capsule in virulence and promoting survival and replication in the host is well documented and thought to be related to its potent antiphagocytic property. Immune responses to the capsule protect animals from infection likely by inducing opsonizing antibodies, targeting encapsulated anthrax bacilli to phagocytes (6) . We report here that treatment targeting B. anthracis bacilli to phagocytes by enzymatically removing the capsule can protect animals from infection, further supporting the role of capsule in evading host innate immunity. Although dormant spores may not be susceptible to phagocytic killing until they germinate (17, 20, 32) , the vegetative form of the organism is susceptible to phagocytic killing, particularly when devoid of capsule (20, 28, 39, 42) . As mentioned above, enzyme treatment to remove microbial capsules has been successfully used to treat existing infections with pneumococci, Cryptococcus, and E. coli (2, 15, 31) in mouse models of infection. In these studies, the authors attributed the observed protection to increased levels of phagocytosis resulting from capsule removal in vivo. It is possible that enzymatic removal of capsule exposes pathogen-associated molecular patterns on the bacterial surface, resulting in enhanced phagocytosis via activation of the alternative complement pathway. This is consistent with our previous observation that serum is necessary for neutrophil killing of CapD-treated encapsulated bacilli (39) .
Two experimental methods were employed in our studies: i.p. administration of CapD concurrently with or 10 min after a bacillus challenge and postexposure i.p. and i.v. administration of CapD after a spore challenge. Significant CapD-mediated protection was observed for the B. anthracis ⌬Ames and Ames bacillus challenge models as well as the B. anthracis ⌬Ames spore challenge model. Statistically significant protection was not achieved when CapD was administered after B. anthracis Ames spore challenge, although the results were suggestive of protection. It should be emphasized that in these experiments CapD was given only at a single time point, and it is likely that the concentration of enzymatically active CapD may have decreased substantially due to inactivation by serum proteases as well as removal from the circulation. Indeed, preliminary experiments revealed a significant decrease in CapD activity after 5 h of incubation in mouse serum in vitro, and we could not detect activity in serum from a mouse bled 3 h after i.v. administration of 200 g of CapD (data not shown). Thus, to optimize the use of CapD as a therapeutic, we are currently exploring ways to increase its stability and halflife in vivo.
Despite our inability to show protection in the Ames spore challenge model, we propose that enzymatic removal of capsule in vivo can sensitize anthrax bacilli to phagocytic killing and result in clearance of bacilli from the blood and infected organs. In these experiments we attempted to maximize exposure of encapsulated bacilli to CapD while in proximity to neutrophils and other phagocytes. We injected a 2% starch solution into the i.p. cavity of mice to stimulate influx of neutrophils before a bacillus challenge. Despite the presence of recruited neutrophils at the site of infection, mice receiving heat-inactivated CapD or PBS were susceptible to infection in the bacillus challenge model. Additionally, the nearly identical kinetics of infection and time to death after bacillus challenge of control starch-stimulated mice compared with control mice not injected with starch indicates that elicited peritoneal neutrophils by themselves do not protect against infection and that encapsulated bacilli were resistant to host phagocytic killing. In contrast, CapD treatment completely protected mice from bacillus challenge (Fig. 2B) , demonstrating that enzymatic capsule removal facilitated efficient killing of B. anthracis bacilli in the host. CapD also conferred significant protection when given 10 min after infection (Fig. 2C) , suggesting that it is enzymatically active and enhances neutrophil killing of bacilli in vivo. Our previous results showed that capsule is removed from bacilli after only a few minutes of treatment with CapD in vitro, after which they become susceptible to phagocytic killing (39) . Furthermore, examination of the CapD-treated bacilli obtained from the peritoneal cavity 2 h after inoculation showed that CapD treatment resulted in removal of capsule from the bacillus and phagocytosis of the bacilli by neutrophils. After treatment with heat-inactivated CapD, bacilli remained encapsulated and extracellular. These results suggest that the mechanism of protection is related to the capsule-degrading activity of CapD, resulting in phagocytic killing of bacilli.
It is possible that other host factors such as serum complement or antimicrobial peptides may contribute to protection. However, we did not observe a decrease in bacterial viability during incubation of CapD-treated bacilli in mouse serum (data not shown). Some antimicrobial peptides or defensins are bactericidal for B. anthracis (29, 36, 41) , and capsule does confer some resistance (33) . Future studies will determine if CapD treatment sensitizes bacilli to antimicrobial peptides. Thus, the therapeutic effect of CapD could be mediated by neutrophil killing resulting from a combination of phagocytic and extracellular killing in which some bacilli were ingested and killed in phagolysosomes and some were killed by antimicrobial peptides found in neutrophil extracellular traps (4). Enzymes generally have poor pharmacokinetic profiles, and only a few, such as streptokinase and plasminogen activator for thrombolytic blood clot therapy, have been approved for human use. The availability of antibacterial enzymes for the treatment of anthrax, however, may prove valuable, particularly against antibiotic-resistant strains for which no treatment may be available. Recent reports indicate that such an approach can be used to treat experimental infections with B. anthracis using phospholipase A 2 (35) or Bacillus cereus using phage lysin (38) when enzyme is administered shortly after infection. CapD, while not directly bactericidal, facilitates host cell phagocytic killing of encapsulated bacilli, possibly by exposing pathogen-associated molecular patterns and promoting complement deposition on the bacterial surface. In this respect, the use of enzymes to target bacteria for phagocytic killing is similar to passive immunization with anticapsule antibodies, an approach that has recently been reported to afford protection in animal models of anthrax (23, 24) .
The threat of antibiotic-and/or vaccine-resistant B. anthracis emerging as a biological weapon increases the likelihood that alternative treatments for anthrax may be necessary. Capsuledegrading enzymes that remove the capsule that is essential for virulence and target B. anthracis bacilli to neutrophils and other components of innate immunity offer a novel approach that could be effective against such antibiotic-and/or vaccineresistant strains.
